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offsprings' brains. C57BL/6 female mice during pregnancy and lactation received diets
containing either soybean oil (CG), partially hydrogenated vegetable fat rich in trans-fatty
acids (TG), palm oil (PG), or interesteriﬁed fat (IG). After weaning, male offspring from all
groups received control diet. The FA proﬁle was measured in the offspring's brains at post-
natal days 21 and 90. Brain functional capillary density as well as leukocyte–endothelial
interactions in the cerebral post-capillary venules was assessed by intravital ﬂuorescence
microscopy at post-natal day 90. Inﬂammation signaling was evaluated through toll-like
receptor 4 (TLR4) content in brain of the adult offspring. In the 21-day old offspring, the
brains of the TG showed higher levels of trans FA and reduced levels of linoleic acid (LA)
and total n-6 polyunsaturated fatty acids (PUFA). At post-natal day 90, TG and IG groups
showed reduced levels of eicosapentaenoic acid (EPA) and total n-3 PUFA tended to be
lower compared to CG. The offspring's brains exhibited an altered microcirculation with1
erved.
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b r a i n r e s e a r c h 1 6 1 6 ( 2 0 1 5 ) 1 2 3 – 1 3 3124increased leukocyte rolling in groups TG, PG and IG and in TG group increased leukocyte
adhesion. The TLR4 content of TG, IG and PG groups only tended to increase (23%; 20% and
35%, respectively). Maternal consumption of trans FA, palm oil or interesteriﬁed fat during
pregnancy and lactation can trigger the initial steps of inﬂammatory pathways in the brain
of offspring in adulthood.
& 2015 Elsevier B.V. All rights reserved.1. Introduction
In recent decades, the food industry has attempted to develop
specialty fats with speciﬁc characteristics to provide better
productivity at a low cost. One of the ﬁrst such fats to be widely
used was the partially hydrogenated vegetable (trans fat-TF) oil
rich in trans fatty acids (TFA), which gives the ideal consistency
to a variety of products and increases their expiration dates.
However, due to adverse effects on health (Mozaffarian and
Clarke, 2009; Sun et al., 2007), legislation in several countries,
including Brazil, have been restricting the use of TF in foodstuff
production (Ratnayake et al., 2014). Hence, the food industry has
been searching for TF substitutes. Palm oil (PO) has been used as
an alternative, particularly because of its proper texture and
stability and because it does not contain TF (Oguntibeju et al.,
2009; Ong and Goh, 2002). Another alternative, although expen-
sive, is the use of interesteriﬁed fat (IF), which results in a
modiﬁcation of the position of the fatty acids (FA) in the glycerol
molecule, forming new triacylglycerol (Berry, 2009). Therefore, in
recent years, both PO and IF have consistently replaced trans
fatty acids in food preparation. However, little is known regard-
ing the effects of these types of fat on health.
FA obtained through diet, are among the nutritional factors
able to activate different metabolic processes (Das, 2008; Schwab
et al., 2014). In fact, the inﬂuence of the intake of speciﬁc types of
lipids during the early stages of life on the health of adult
offspring has been documented (de Velasco et al., 2012; Ibrahim
et al., 2009; Khan et al., 2005).
Studies from our laboratory showed, using an experimental
model of metabolic programming with a normolipidic diet, that
TFA offered to female rats during lactation produced changes in
the essential fatty acid (EFA) proﬁle of the adipose tissue of their
offspring (Assumpcao et al., 2004). Also, Albuquerque et al. (2006),
indicated that the intake of partially hydrogenated vegetable oil
rich in TFA during pregnancy and lactation promoted modiﬁca-
tions in the central control of food intake exerted by insulin and
serotonin in adult animals and also led to changes in the
homeostasis of these animals. Recently, Sardinha et al. (2013)
reported in rats that maternal intake of omega-3 long-chain
polyunsaturated fatty acids (LCPUFA) at the beginning of preg-
nancy reduced fat accumulation in male adult offspring and
consequently decreased body mass and improved insulin sensi-
tivity, which is highly associated with increasing age. These
ﬁndings indicate that changes in lipid components in the
maternal diet predispose the offspring to modiﬁcations in body
system functioning and metabolic processes.
Lipids correspond to about 50–60% of the dry weight of the
brain in which approximately 35% are in the form of LCPUFA
(Innis, 2007; Wainwright, 2002). In this way, several studiesindicate that the development and maturation of the brain can
be inﬂuenced by diet, especially in early stages of life, when the
events of synaptic plasticity and neural reorganization are taking
place at a higher intensity (de Velasco et al., 2012; Fernandes
et al., 2011; Morgane et al., 1993; Murphy et al., 2014). And so, the
maternal diet during these critical periods (pregnancy and
lactation) can impact the developing brain, functioning as an
epigenetic factor that could inﬂuence the offspring to metabolic
alterations in adulthood.
It has been already demonstrated that components of the
maternal diet, as high fat diets, rich in saturated and TF, can
induce inﬂammatory processes that could generate brain dys-
functions and lead to neurodegenerative diseases as a conse-
quence of maternal diet or obesity with repercussion in the
developing fetal brain. Offspring from dams that received satu-
rated or trans fat diets during pregnancy and lactation, showed
increased expression of brain cytokines in adult life (Bilbo and
Tsang, 2010). Also, brain inﬂammation resulting from a high
saturated fat diet can be directly associated with obesity and
hypertension (Hall, 2000; Schipper et al., 2013). Moreover, satu-
rated fatty acids are known to be one of the activators of toll-like
receptors (TLR), particularly TLR4, which is involved in mediating
increases in inﬂammatory response (Davis et al., 2008; Wang
et al., 2012). There is not enough data concerning the consump-
tion of normolipidic diets during gestation and lactation asso-
ciated with brain inﬂammation in adult life.
Using intravital ﬂuorescence microscopy to assess the
functional capillary density and cell trafﬁcking in different
inﬂammatory contexts, speciﬁcally in the in vivo recruitment
of leukocytes during inﬂammation, optimizes the in vivo
evaluation of the processes associated with leukocyte rolling
and adhesion in the vascular endothelium and provides
additional information regarding the inﬂammatory proﬁle of
brain tissue (Dorand et al., 2014; Estato et al., 2013;
Nascimento et al., 2013).
In this context, we investigated whether maternal intake
of diets with partially hydrogenated vegetable oil rich in TFA,
palm oil or interesteriﬁed fat during pregnancy and lactation
can induce changes in brain fatty acid proﬁle and inﬂamma-
tory response of the adult mice offspring.2. Results
2.1. Food intake, body weight, and weight gain
No signiﬁcant differences in maternal food intake or body weight
gain during pregnancy and lactation were observed among
groups. Additionally, no signiﬁcant differences in birth weight
b r a i n r e s e a r c h 1 6 1 6 ( 2 0 1 5 ) 1 2 3 – 1 3 3 125or offspring body weight during lactation were also not detected
(data not shown).
As shown in Fig. 1, after weaning (at 21 days of age), mice
whose mothers were fed the palm oil (Palm Group-PG) and
interesteriﬁed fat (Interesteriﬁed Group-IG) diets were signiﬁ-
cantly heavier than mice whose mothers were fed the control
diet (Control Group-CG) or the trans-fat diet (Trans Group-TG).
This difference in body weight was observed until 10 weeks of
age (P values ranged from o0.0001 to 0.002 depending on the
week) when the IG group reached the highest weight.Table 1 – Brain fatty acids proﬁle (% of total) from male offspri
Fatty acids Control diet (Soy oil) Partially hydrogenat
P
SFA 45.8870.6 41.5971.5
P
MUFA 26.0070.5 28.1771.6
P
PUFA 28.3870.7 25.7372.4
P
TFA 0.3670.1a 1.0770.1b
C18:2 n-6 (LA) 1.1170.1a 0.5870.0b
C20:4 n-6 (AA) 10.1470.1 8.8970.2
C22:4 n-6 2.5470.0 2.0870.2
P
n-6 13.8070.1a 11.5570.3b
C18:3 n-3 (ALA) 1.6770.1a 0.9670.0b
C20:5 n-3 (EPA) 0.1370.0 0.1170.0
C22:5 n-3 (DPA) 0.1670.0 0.1370.0
C22:6 n-3 (DHA) 11.0770.2 9.9771.1
P
n-3 11.3670.2 10.2171.1
CG: control group; TG: trans fat group; PG: palm oil group; IG: interestere
monounsaturated fatty acids; Σ PUFA: sum of polyunsaturated fatty acid
acid; Σ n-6: sum of n-6 polyunsaturated fatty acids; Σ n-3: sum of n-3 f
Docosapentaenoic acid; DHA: docosahexaenoic acid. Values are express
letters show signiﬁcant difference between experimental groups (Po0.05
the Newman–Keuls post hoc test.
Fig. 1 – Body weight gain of pups from experimental groups
from the ﬁrst week until the 10th week after weaning.
Control Diet G: formulation determined by (Reeves et al.,
1993) for growing rodents; Control Diet M: formulation
determined by (Reeves et al., 1993) for maintenance of
rodents. CG: control group; TG: trans fat group; PG: palm oil
group; IG: interestereﬁed fat group. a,bDifferent superscript
letters show signiﬁcant difference between experimental
groups (Po0.05); no letter means not signiﬁcant difference
(p40.05)—ANOVA, with the Newman–Keuls post hoc test.2.2. Effect of different maternal consumption of lipids
during pregnancy and lactation on brain fatty acid proﬁle in
offspring at 21 and 90 days of life
The male offspring received the experimental diets from the
mothers during the pregnancy and lactation periods, when
switched to the control diet (soybean oil) upon weaning (at 21
days of life) until adulthood (at 90 days of life). The CG
received the soy oil diet throughout lifespan. Thus, we
evaluated whether the consumption of these diets during
the ﬁrst stages of life could affect the proﬁle of fatty acids in
the brain of the offspring and if these changes are maintained
into adulthood. In the 21-day old offspring, the brain of TG
exhibited increased levels of TFA when compared to CG, PG
and IG groups. Moreover, lower levels of linoleic acid (LA) and
total n-6 polyunsaturated fatty acids (PUFA) contents
decreased signiﬁcantly in TG. When we analyzed the
omega-3 fatty acids family, we also observed reduced levels
in alfa-linolenic acid (ALA) in the TG and IG groups (Table 1).
In the adult offspring's brain we observed lower levels of LA
in the TG and IG groups in comparison to the CG. Also, a
signiﬁcant decrease in eicosapentaenoic acid (EPA) and a
tendency of decreased total n-3 PUFA levels were observed
in TG and IG groups, in relation to CG (Table 2).2.3. Effect of different maternal consumption of lipids
during pregnancy and lactation on the brain microcirculation
of the male offspring at 90 days of life
Through the intravital ﬂuorescence videomicroscopy, we
identiﬁed the functional capillary density in the brain from
selected ﬁelds free from large vessel branching (Fig. 2A). The
quantiﬁcation of perfused capillaries showed no difference
between all experimental groups (TG: 476736; PG: 453714;
IG: 432714 capillaries/mm2, when compared to CG: 456722
capillaries/mm2; P40.05) (Fig. 2B).ng at 21 days of life.
ed fat diet (trans) Palm oil diet Interesteriﬁed fat diet
45.2871.3 44.6972.3
26.6471.7 27.0172.2
28.7671.6 29.2073.1
0.3970.0a 0.4070.1a
0.8270.0a,b 0.9670.2a,b
10.3470.5 11.0570.9
2.4070.1 1.6970.6
13.5770.7a 13.7170.5a
1.1070.2a,b 1.1270.1b
0.0770.0 0.0870.1
0.1270.0 0.1670.0
10.9070.4 10.9870.5
10.9870.5 11.2270.5
ﬁed fat group. Σ SFA: sum of saturated fatty acids; Σ MUFA: sum of
s; Σ TFA: sum of trans fatty acids; LA: linoleic acid; ALA: alfa linolenic
atty acids. AA: Arachidonic Acid; EPA: Eicosapentaenoic Acid; DPA:
ed as mean7standard error (n¼6 per group). Different superscript
); no letters means not signiﬁcant difference (p40.05)—ANOVA, with
Table 2 – Brain fatty acid proﬁle (% of total) from male offspring at 90 days of life.
FATTY ACIDS Control diet (Soy oil) Partially hydrogenated fat diet (trans) Palm oil diet Interesteriﬁed fat diet
P
SFA 43.5270.2 43.2370.4 44.3370.4 43.7370.6
P
MUFA 23.6470.3 23.7070.3 23.0670.1 23.5770.6
P
PUFA 32.4071.9 31.4871.0 32.1270.3 30.8870.5
P
TFA 0.2670.1 0.4770.1 0.2870.0 0.4070.1
C18:2 n-6 (LA) 0.4370.0a 0.5770.0b 0.5070.0a,b 0.4570.0a
C20:4 n-6 (AA) 10.1270.3 10.3270.1 10.0170.2 10.0570.2
C22:4 n-6 2.4170.2 2.3370.1 2.4170.0 2.2870.1
P
n-6 12.7570.9 12.7670.5 12.9470.2 12.7470.4
C18:3 n-3 (ALA) 1.1470.1 0.9570.0 1.0770.1 1.1170.1
C20:5 n-3 (EPA) 1.6570.3a 0.6770.2b 0.8970.3a,b 0.5470.2b
C22:5 n-3 (DPA) 0.1470.0 0.1270.0 0.1370.0 0.1370.1
C22:6 n-3 (DHA) 15.6970.9 14.5970.4 15.3370.1 13.9070.5
P
n-3 18.1570.9 15.8670.8 17.4370.1 15.7070.5
CG: control group; TG: trans fat group; PG: palm oil group; IG: interestereﬁed fat group. Σ SFA: sum of saturated fatty acids; Σ MUFA: sum of
monounsaturated fatty acids; Σ PUFA: sum of polyunsaturated fatty acids; Σ TFA: sum of trans fatty acids; LA: linoleic acid; ALA: alfa linolenic
acid; Σ n-6: sum of n-6 polyunsaturated fatty acids; Σ n-3: sum of n-3 fatty acids. AA: arachidonic acid; EPA: eicosapentaenoic acid; DPA:
docosapentaenoic acid; DHA: docosahexaenoic acid. Values are expressed as mean7standard error (n¼6 per group). a,bDifferent superscript
letters show signiﬁcant difference between experimental groups (Po0.05); no letters mean not signiﬁcant difference (p40.05)—ANOVA, with
the Newman–Keuls post hoc test.
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vasculature of the brain were evaluated by visualizing leuko-
cytes labeled with rhodamine-6G ﬂuorochrome (Fig. 3A).
When compared to the control group (CG: 3.170.5 cells/
min), all experimental groups (TG: 7.971.0 cells/min; PG:
5.770.7 cells/min; IG: 6.070.7 cells/min) showed an increase
in the rolling of leukocytes on the brain venules walls, an
important step involved in leukocyte recruitment during
inﬂammation (Fig. 3B). We observed, however, that the
process of leukocyte adhesion, although slightly increased
in all experimental groups when compared to the CG (0.870.3
cells/min/100 mm), was also statistically higher in the TG
(2.370.5 cells/min/100 mm), with no signiﬁcant differences
for PG (1.870.4 cells/min/100 mm) or IG (1.370.3 cells/min/
100 mm) (Fig. 3C).
2.4. Maternal intake of speciﬁc lipids during pregnancy
and lactation in the content of toll-like receptor 4 (TLR4) in
adult offspring's brain
Once we observed that the dietary intake of trans fatty acids
and its substitutes (palm oil and interesteriﬁed fat) triggered
the leukocyte recruitment in the brain microcirculation, we
decided to evaluate whether these leukocyte–endothelium
interactions can be related with the TLR4 signaling. In the
present study, the protein levels of TLR4 tended to be
elevated in TG, PG and IG (by 23%; 35% and 20% respectively).
Even if our observations did not reach signiﬁcant statistic
results, as shown in Fig. 4, these ﬁndings indicate that intake
of these speciﬁc lipids led to alterations in the parameters
related to increased inﬂammation within the brain even if in
its early stages3. Discussion
In the present study, we observed an increase in the total
body mass (TBM) of the male adult offspring from mothersthat were fed the palm oil diet and also the interesteriﬁed fat
diet during pregnancy and lactation. These results suggest
that the type of lipid consumed during critical periods of life
could induce an increase in offspring adiposity. This was
previously demonstrated in our laboratory in diets based on
palm oil and partially hydrogenated vegetable oil, offered
only during lactation, that led to high adiposity in young
litters (Silva et al., 2006) and recently an increase in offspring
adiposity in the adult life, when dams were fed normolipidic
diets during pregnancy and lactation containing palm oil and
interesteriﬁed fat (Magri et al., 2014). Additionally, approxi-
mately 20% of total FA in the interesteriﬁed fat diet were from
palmitic acid (C16:0), suggesting that high consumption of
these FA by the PG and IG in these speciﬁc periods of life may
have contributed to the increase in the offspring adiposity. In
rodents, the period of lactation can be dynamic in relation to
adipose tissue growth, in which the pool of adipocyte pre-
cursors can increase depending on the diet composition, and
even leading to a greater adiposity in later phases of life
(Ailhaud et al., 2006; Hauner et al., 2009). It is likely that types
of FA could interact with transcriptional factors, modulating
gene expression in an epigenetic manner, which induces
signiﬁcant changes in metabolism, and also in adipocytes
differentiation and growth (Milagro et al., 2013).
The increase in adipose tissue deposition, as observed in
obesity, can be considered a factor that predisposes one to an
inﬂammatory status, and could elevate levels of tumor
necrosis factor- α (TNF-α), interleukins (IL) -6 and -1β, acute
phase proteins, serum amyloid protein A, glycoprotein
α1-acid, c-reactive protein, and others (Joffe et al., 2013;
Lopez-Alcaraz et al., 2014). This inﬂammation in peripheral
tissues contributes to the progression and development of a
variety of obesity-associated co-morbidities such as type-2
diabetes and cardiovascular disease (Hotamisligil, 2006).
Further, some studies suggest that obesity is also asso-
ciated with inﬂammation in the central nervous system
(CNS), which may increase susceptibility to neurologic dis-
eases, reﬂecting the same observations in peripheral tissues
Fig. 2 – Functional capillary density in brain microcirculation
of male offspring at 90 days of life. At 90 days of life, the
male offspring, were fed through mothers during pregnancy
and lactation with diets containing soy oil (CG), trans-fat
(TG), palm oil (PG) or interesteriﬁed fat (IG). After weaning (21
days of life), male litters received the control (soy oil) diet,
and intravital ﬂuorescence microscopy was assessed at 90
days after birth. At (A), an example of the delimitation of a
selected ﬁeld that reﬂects a standard procedure of the choice
of a speciﬁc area for quantiﬁcation free from large vessel
branching. The results in (B) revealed no differences
between groups in the functional capillary density (P40.05).
Values are expressed as mean7standard error (n¼at least 8
per group).
b r a i n r e s e a r c h 1 6 1 6 ( 2 0 1 5 ) 1 2 3 – 1 3 3 127(Buckman et al., 2013; Erion et al., 2014). The fatty acid
accumulation in fetal and infant tissues, including the brain,
can be inﬂuenced by the pre- and post-natal FA supply, and
their metabolites play critical roles in cell growth, differentia-
tion and integration of cellular response to the metabolic and
neuroendocrine environment (Innis, 2011).
In early stages of brain development, the offspring is
completely dependent on the maternal intake of FA (Innis,
2007; Brenna and Carlson, 2014). In this way, a systemic
inﬂammation can be observed as a consequence to maternal
obesity or to a high consumption of saturated fat diets during
pregnancy and lactation (Bilbo and Tsang, 2010). Maternal
dietary fats, including TFA, are incorporated into neurons and
glial cells membranes and brain capillaries (Grandgirard
et al., 1994; Bazan, 2005). Also, these FA have the ability to
pass through the blood brain barrier suggesting that maternal
dietary fat composition can predispose to an inﬂammatory
environment in the cerebral tissue of the offspring, and could
impair the brain development (Bolton and Bilbo, 2014).Thus, we evaluated the consequences of potential sub-
stitutes for TF used by the food industry, through maternal
intake, on brain lipid composition of the male offspring just
after weaning and in adulthood. At 21 days of life, we
observed speciﬁc changes, mainly in the omega-6 series, such
as the TG displaying the lowest levels of n-6 PUFA and also n-
3 ALA. Unlike the TG pups, the adult ones had normal brain
levels of total n-6 PUFAs and signiﬁcant decrease in EPA.
A tendency of decreasing levels of total n-3 PUFA was
observed in TG and IG. This result suggests that there was
an improvement of the brain FA proﬁle in the TG, when
switched to the control diet, as indicated by the absence of
TFA in the tissue and the normalization of the levels of ALA e
n-6 PUFA. However it was observed lower incorporation of n-3
PUFA. Considering that n-3 PUFA have anti-inﬂammatory
properties by modulating the expression of cytokines, and
are able to reduce the occurring neuro-inﬂammation, the
lower content of these FA can be harmful for the progression
of an inﬂammatory status in the brain (Calder, 2011; Laye,
2010).
Transmigration of leukocytes in the inﬂammatory response
involves several critical steps that are highly regulated, which
includes slow rolling, strong adhesion and migration (Mogensen,
2009). The surface of the brain is covered by cerebral arteries (pial
arteries) that dive and penetrate into the brain parenchyma,
giving rise to smaller arteries and capillaries, which provides the
tissue nutrients and remove waste. Unlike other organs, the
vessels controlling brain parenchymal ﬂow reside outside of the
organ itself. Thus, changes in the microcirculation of the brain
surface in response to a wide variety of stimuli, usually lead to
changes in blood ﬂow in other areas within the brain. The fact
that meningeal circulation nourishes the brain parenchyma does
not mean that there is no vascular or pericytes control within
the brain, even though the pia mater microcirculation plays an
important role in this network and that changes may be
reﬂected in the brain parenchyma (Masuda et al., 2007;
Cabrales and Carvalho, 2010).
The inﬂammation proﬁle of the brain venules cannot conﬁrm
the inﬂammation of the parenchyma, but can reﬂect the
vascular inﬂammation within the brain. An increase in the
rolling of leukocytes in brain from all experimental groups was
observed in the present study. The leukocyte adhesion,
increased in IG, PG, and TG when compared to CG, although
only TG reached statistical signiﬁcance. The number of sponta-
neously perfused capillaries in the brain was unaltered in all
experimental groups, suggesting that brain perfusion was not
affected in the offspring.
Increased production of pro-inﬂammatory cytokines and
reactive oxygen species was shown to occur in mice brains in
response to both acute and chronic high-fat diet (De Souza et al.,
2005; Freeman et al., 2013). Maric et al. (2014) exposed adult male
rats to diets varying in levels of saturated fat and its source, and
despite the fact that the blood and white adipose tissue revealed
no changes in inﬂammatory mediators regardless of the satu-
rated fat content or the source, the study observed signiﬁcant
upregulation of the expression of markers of glial activation as
well as of IL-1 and IL-6.
Brain leukocyte recruitment is an important aspect in many
central nervous system diseases, such as stroke, multiple
sclerosis, and trauma (Kerfoot and Kubes, 2005). In fact, a
Fig. 3 – Representative photomicrographs of cerebral venules containing adherent or rolling rhodamine 6G-labeled leukocytes
in brain microcirculation of male offspring at 90 days of life. Female mice were fed during pregnancy and lactation periods
with diets containing soy oil (CG), trans-fat (TG), palm oil (PG) or interesteriﬁed fat (IG). At 90 days of life, brain microcirculation
from male offspring was evaluated. Images were acquired by ﬂuorescence intravital microscopy (A). The quantiﬁcation of the
rolling (B) and adhesion (C) of leukocytes indicated differences between groups. Magniﬁcation, 200; scale bar, 100 lm.
Values are expressed as mean7standard error (n¼at least 8 per group). a,b Different superscript letters shows signiﬁcantly
difference between experimental groups (Po0.05); no letters means not signiﬁcant difference (p40.05)—ANOVA, with the
Newman–Keuls post hoc test.
Fig. 4 – TLR4 content in whole brain of the offspring in
adulthood. Female mice were fed during pregnancy and
lactation with the experimental diets containing soy oil (CG),
trans-fat (TG), palm oil (PG) or interesteriﬁed fat (IG). After
weaning, the offspring were separated and received control
diet until post-natal day 90, when brains were removed and
the TLR4 content was evaluated byWestern Blotting analyses.
Values are expressed as percentage of control (n¼6 per
group). Po0.05 vs. CG.
b r a i n r e s e a r c h 1 6 1 6 ( 2 0 1 5 ) 1 2 3 – 1 3 3128systemic inﬂammatory response in brain comprises the release
of cytokines by microglia and the activation of receptors, such as
the toll-like receptor family, which initiates inﬂammatory signal-
ing pathways (Rosenberger et al., 2014). Our results showed non-signiﬁcant TLR4 protein increments in the experimental groups
(TG, IG and PG) but even if only slightly higher than CG, were
high enough to trigger the initial steps of inﬂammatory path-
ways in the brain of offspring in adulthood.
Pimentel et al. (2012) described activation of TLR4 transduc-
tion pathway within the brain by TFA and saturated fat using a
metabolic programming model in rats. Other studies demon-
strated that the consumption of saturated fat during initial
stages of development promotes an increase in the inﬂamma-
tory response of brain microglial cells in the adult offspring
(Milanski et al., 2009). Zhou et al. (2009) demonstrated that
systemic inﬂammation induced by lipopolysaccharide (LPS)
administration led to leukocyte rolling and adhesion in brain.
Also, this leukocyte recruitment was dependent on TLR4 activa-
tion, once that LPS caused no recruitment in TLR4 knockout
mice. Therefore, the present data indicated that the increase on
the rolling and adhesion in the brain leukocyte can be related
with the activation of the TLR4 signaling pathway. (Kerfoot and
Kubes, 2005).
Our ﬁndings show for the ﬁrst time that the intake of
saturated and TFA in normolipidic diets during pregnancy and
lactation, can modulate an initial inﬂammatory status in the
offspring's brain. Nevertheless further experiments are required,
such as the histologic investigation of leukocyte inﬁltration in
the brain parenchyma and the quantiﬁcation of myeloperoxi-
dase, the enzyme that participates in the process of diapedesis of
leukocytes to the endothelium, in addition to microglial activa-
tion in the cerebral tissue.
Our study demonstrates a differential effect on inﬂamma-
tory proﬁle in the brains of adult males when speciﬁc FA diets
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results imply that the quality of dietary fat during sensitive
periods of development might “program” the long-term or
lifetime structure or function of the organism. These obser-
vations suggest precaution on the utilization of palm oil,
partially hydrogenated vegetable fat and interesteriﬁed fat by
the food industry. We recommend monitoring the content of
trans-fat and saturated fatty acids in the diets of pregnant
and lactating women.4. Experimental procedures
4.1. Animals and experimental design
C57BL/6 mice (20–25 g) were obtained from the animal breed-
ing unit at the Institute of Nutrition of the Federal University
of Rio de Janeiro and were maintained under humidity- and
temperature-controlled (2471 1C) conditions with a 12 h
light–dark cycle and ad libitum access to water and diets.
The Experimental Research Committee of the Federal Uni-
versity of Rio de Janeiro (Rio de Janeiro, Brazil) approved all
procedures involving animals.
Three-month-old female mice were left overnight to mate,
and copulation was veriﬁed the following morning by the
presence of sperm in the vaginal smears. On the ﬁrst day of
pregnancy, dams were isolated in individual cages and randomly
divided into four groups. The soybean oil group, which was the
control group (CG), received a diet containing 7% soybean oil. The
partially hydrogenated vegetable oil rich in trans fatty acid group
(TG) received 6% partially hydrogenated vegetable oil plus 1%
soybean oil. The palm oil group (PG) received 5% palm oil plus 2%
soybean oil, and the interesteriﬁed fat group (IG) received 5%Table 3 – Composition of Diets (g/kg).
Ingredients (g/kg of diet) Control diet (Soy oil) Partially hydro
Starch 397.49 397.49
Casein 200 200
Dextrin 132 132
Sugar 100 100
Cellulose 50 50
β-Choline 2.5 2.5
L-cystine 3 3
Mix of minerals 35 35
Ga and Mb
Mix of vitaminesc 10 10
Butylhydroquinone BHT 0.014 0.014
Soy oil (mL) 70 10
Partially hydrogenated fat – 60
Interesteriﬁed fat – –
Palm oil – –
a Salt mix G (mg/kg diet) for growth, pregnancy and lactation periods:
Sodium 1019.0, Chloride 1571.0, Magnesium 507.0, Iron 35.0, Zinc 30.0,
0.15, Silicon 5.0, Chromium 1.0, Fluoride 1.0, Nickel 0.5, Boron 0.5, Lith
b Salt mix M (mg/kg diet) for maintenance periods: Calcium 5000.0, Phosp
1571.0, Magnesium 507.0, Iron 35.0, Zinc 30.0, Manganese 10.0, Copper 6.
1.0, Fluoride 1.0, Nickel 0.5, Boron 0.5, Lithium 0.1, Vanadium 0.1
c Vitamin mix (mg/kg diet): retinyl palmitate 2.4; cholecalciferol 0.025;
riboﬂavin 6.6; thiamin hydrochloride 6.6; tocopherol acetate 100.interesteriﬁed fat plus 2% soybean oil. Diets were maintained
throughout pregnancy and lactation. On the day of delivery,
considered day zero of lactation, each mother was given eight
male pups. On the 21st day of life, the animals were weaned and
some pups from each group were euthanized and samples of
their brains removed, whereas another set of animals from the
same group had their diet changed to the control diet (soybean
oil) until the 90th day of life when they were euthanized.4.2. Diets
All diets were isoenergetic (all diets provided 4.1 kcal/g of dry
diet) and differed from each other only in the nature of the non-
vitamin lipid component. The diet compositions were compiled
using American Institute of Nutrition (Reeves et al., 1993)
recommendations and are shown in Table 3. Soybean oil was
included in each diet to adjust the requirement for EFA in each
diet. Diets were prepared as pellets and stored at 20 1C until
use. Food consumption was measured daily and body weight
was measured weekly from day 1 to the 90th of life.
All fats used in the preparation of diets were donated by
INDÚSTRIA TRIÂNGULO ALIMENTOS LTDA. According to the
company, soybean oil was used for the formulation of the
partially hydrogenated vegetable oil. Four different types of
lipids, palm kernel oil (2.5%), palm stearin (45%), soybean oil
(45%), and fully hydrogenated fat (7.5%), were used to prepare
the interesteriﬁed fat.
The FA proﬁle of each diet, presented in Table 2, was
analyzed using gas chromatography (Table 4), and as we
expected, the TFA were highly increased in the TF experi-
mental diet compared to all other diets offered. The palm oil,
trans-fat and interesteriﬁed fat diets had more saturated fatty
acids when compared to the control diet (soybean oil).genated fat diet (trans) Palm oil Diet Interesteriﬁed fat diet
397.49 397.49
200 200
132 132
100 100
50 50
2.5 2.5
3 3
35 35
10 10
0.014 0.014
20 20
– –
– 50
50 –
Calcium 5000.0, Phosphorus 1561.0, Potassium 3600.0, Sulfur 300.0,
Manganese 10.0, Copper 6.0, Iodine 0.2, Molubdenum 0.15, Selenium
ium 0.1, Vanadium 0.1.
horus 1992.0, Potassium 3600.0, Sulfur 300.0, Sodium 1019.0, Chloride
0, Iodine 0.2, Molubdenum 0.15, Selenium 0.15, Silicon 5.0, Chromium
menadione sodium bisulﬁte 0.8; biotin 0.22; cyanocobalamin 0.01;
Table 4 – Fatty acid proﬁle (% of total) of the experimental diets.
FATTY ACIDS Control diet (Soy oil) Partially hydrogenated fat diet
(trans)
Palm oil diet Interesteriﬁed fat diet
Mean SEM Mean SEM Mean SEM Mean SEM
16:00 11.6 7 0.4 34.8 7 2.4 16.8 7 0.06 23.3 7 8.8
18:00 3.7 7 0.2 5 7 0.1 20.81 7 0.74 17.8 7 6
Σ SFA 16.8 7 0.7 42.2 7 2.4 41.43 7 0.68 49.5 7 0.5
18:1 (n-9) 24.1 7 0.2 38.2 7 2.7 16.95 7 0 20.7 7 1
Σ MUFA 26.5 7 0.2 39.5 7 2.6 23.12 7 0.14 22.4 7 0.7
18:2 (n-6) 50.8 7 0.4 17 7 2.9 10.46 7 0.02 25.5 7 0.4
18:3 (n-3) 5.4 7 0.3 1 7 0.4 0.95 7 0.02 1.9 7 0.4
Σ PUFA 56.2 7 0.2 18.1 7 3.3 11.41 7 0.01 27.3 7 0.8
Σ n-6 51.1 7 0.4 17 7 2.9 10.46 7 0.02 25.6 7 0.4
Σ n-3 5.5 7 0.3 1 7 0.5 0.95 7 0.02 1.9 7 0.4
Σ TFA 0.3 7 0.07 0.3 7 0 22.9 7 1.1 1.6 7 0.5
The data are expressed in mean7SEM. n¼6.
Σ SFA: sum of saturated fatty acids; Σ MUFA: sum of monounsaturated fatty acids; Σ TFA: sum of trans fatty acids; Σ PUFA: sum of
polyunsaturated fatty acids; Σ n-6: sum of n-6 polyunsaturated fatty acids; Σ n-3: sum of n-3 fatty acids.
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PUFA, mostly from the omega-3 and omega-6 family.
4.3. Fatty acid composition of the diet and in the brain
The relative content of FA from the total lipids of diet samples
and frommice brains were determined by gas chromatography,
using an Agilent Technologies 7890 A GC System, equipped
with a ﬂame ionization detector, coupled to an EZChrom Elite
CDS software (Agilent Technologies Inc., CA, USA). To deter-
mine FA proﬁle, brains from all groups were isolated and the
whole tissues were used in the homogenates.
The lipid extraction, saponiﬁcation and methylation of FA
were performed by direct methylation as described by the
ofﬁcial method of the American Oil Chemists' Society (AOCS)
and implemented in the laboratory. The methyl esters were
separated on a fused silica capillary column, SP-2560 bis-
cyanopropyl polysiloxane (SUPELCO INC., PA, USA) with
100 m0.25 mm0.2 mm in internal diameter, whose pro-
gramming column temperature was set to 100 1C with a
gradual increase of 3 1C/min until it reached 140 1C. The
temperature increased 0.5 1C/min until it reached 170 1C, then
3.2 1C/min until it reached 220 1C and was then kept at this
temperature for 35 min. The injector and detector tempera-
tures were 250 1C. The ﬂow of gases (Linde Gases, RJ, BR) were
0.75 mL/min for the carrier gas (H2), 25 ml/min for the
auxiliary gas (N2), and 30 ml/min and 400 mL/min for H2
and synthetic air to the ﬂame, respectively. The splitter
reason (split) was 1/100. The injections were performed
through automatic injector and the volume was 1 μL.
FA methyl esters were identiﬁed based on comparison
with the relative retention time of the peaks of standards
from NU-CHEK PREP. INC., a blend of methyl esters 463, and
quantiﬁcation of each FA was carried out by normalization of
areas, expressed as a percentage of total FA.
4.4. Brain intravital microscopy
Animals from all experimental groups at 3 months of age were
submitted to intravital ﬂuorescence microscopy for in vivoimaging of cerebral microcirculation. Mice were anesthetized
intraperitoneally with ketamine 10% (200mg/Kg) and xylasine
2% (10mg/Kg). Core temperature was monitored with a rectal
probe and was maintained at 37 1C with a homeothermic
blanket (Harvard Apparatus, Boston, MA, USA). The tail vein
was cannulated to allow the injection of ﬂuorescent tracers and
additional anesthesia.
To visualize the cerebral microcirculation, the animals
were placed in a stereotactic frame, a craniotomy (5 mm5
mm) in the right parietal bone was performed using a high
speed drill to expose the cerebral microvasculature, as
described previously (Nascimento et al., 2013). The ﬁeld
assessed was continuously superfused with artiﬁcial cere-
brospinal ﬂuid at 37 1C and pH 7.35. The superfusate was
continuously aired with 10% O2, 6% CO2 and 84% N2 to
maintain the tension and gas comparable to physiological
pH and avoid local inﬂammation.
Visualization of brain microvessels was facilitated by
intravenous administration of 0.1 mg of ﬂuorescein isothio-
cyanate (FITC)-labeled dextran (molecular weight 150,000)
and images of the microcirculation were acquired using
Archimed 3.7.0 software (Microvision, Evry, France). The
capillary count was done using Saisam 5.1.3 software (Micro-
vision). Serial images were taken with 10 ocular and 10
objective lenses (Olympus BX150WI; Center Valley, PA, USA)
for 1 min/ﬁeld. Only the continuously perfused capillaries
containing a single column ﬂow of red blood cells were
counted to determine the mean functional capillary density,
expressed as number of capillaries/mm2.4.5. Rolling and adhesion of leukocytes
The cranial window also enables the visualization of in vivo
leukocyte recruitment (Carvalho-Tavares et al., 2000). To label
circulating leukocytes, 0.3 mg/kg of rhodamine-6 G was
injected intravenously. Fluorescing leukocytes were visua-
lized by microscopy as described above. The leukocyte–
endothelial interaction was evaluated by counting the num-
ber of leukocytes adhering to the venular wall (100 μm long)
over 30 s, and expressed as the number of cells/min/100 μm
b r a i n r e s e a r c h 1 6 1 6 ( 2 0 1 5 ) 1 2 3 – 1 3 3 131and rolling leukocytes were deﬁned as a movement of white
blood cells into the vessel at a speed lower than the circulat-
ing red blood cells and is expressed as the number of
cells/min. We determined these parameters in cerebral
venules with diameters ranging from 30 to 100 μm.4.6. Protein analysis by western blotting
After euthanasia, the offspring brains were homogenized in
1.0 mL of solubilization buffer at 4 1C [1% Triton X-100,
100 mm Tris–HCl (pH 7.4), 100 mm sodium pyrophosphate,
100 mm sodium ﬂuoride, 10 mm EDTA, 10 mm sodium ortho-
vanadate, 2.0 mm phenylmethylsulfonyl ﬂuoride (PMSF), and
0.1 mg aprotinin/mL] with a Polytron (model 713 T; Fisatom
Equipamentos Cientíﬁcos, São Paulo, SP/Brazil). Insoluble
material was removed by centrifugation for 40 min at
14.000 rpm in a 70.Ti rotor (Beckman, Fullerton, CA, USA) at
4 1C. The protein concentration of the supernatants was
performed by the BCA assay (Bio-Rad, Hercules, CA, USA).
Proteins were denatured by boiling (5 min) in a Laemmli
sample buffer [26] containing 100 mM DTT, run on 10% SDS-
PAGE in a Bio-Rad miniature slab gel apparatus. The electro-
transfer of proteins from gels to nitrocellulose membranes
was performed for 1.30 h/4gels at 15 V (constant) in a Bio-
Rad semi-dry transfer apparatus. Nonspeciﬁc protein binding
to the nitrocellulose was reduced by preincubation for 2 h at
22 1C in blocking buffer (1% BSA, 10 mM Tris, 150 mM NaCl
and 0.02% Tween 20). The nitrocellulose membranes were
incubated overnight at 4 1C with antibody against TLR4
(1:1000) and alpha-tubulin (1:1000) obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA), diluted in a blocking
buffer supplemented with 1% bovine serum albumin (BSA)
and then washed for 30 min in blocking buffer without BSA.
The blots were subsequently incubated with peroxidase-
conjugated secondary antibody for 1 h at 22 1C. For evaluation
of protein loading, membranes were stripped and reblotted
with an anti-alpha-tubulin antibody. Speciﬁc bands were
detected by chemiluminescence imaging system (Uvitec,
Alliance 4.7, Cambridge, UK) using ECL plus (Thermo Scien-
tiﬁcs, MA, USA) as Western Blotting detection reagent.4.7. Statistical analysis
The software used for statistical analysis of the data obtained
in each of the groups was GraphPad Prism 5, with which
we performed analysis of variance (ANOVA). To compare
the average results obtained between groups, we applied
the Newman–Keuls post hoc test for multiple comparisons,
adopting a signiﬁcance level of Po0.05, as a parameter
for determining the differences between the groups. Mean
values in a row with distinct superscript letters differ
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